Tissue plasminogen activator (tPA) is the only approved pharmacological therapy for acute brain ischaemia; however, a major limitation of tPA is the haemorrhagic transformation that follows tPA treatment. Here, we determined whether nicotinamide mononucleotide (NMN), a key intermediate of nicotinamide adenine dinucleotide biosynthesis, affects tPA-induced haemorrhagic transformation.
Introduction
Currently, intravenous treatment with tissue plasminogen activator (tPA) is the only Food and Drug Administrationapproved pharmacological treatment for acute ischaemic stroke (Docagne et al., 2015) . Haemorrhagic transformation is the most feared complication of intravenous tPA treatment. Generally, the time window of tPA treatment is within 0-4.5 h and several studies have shown that a delayed tPA treatment (>4.5 h) does not decrease brain infarction but instead worsens haemorrhagic conversion (Murata et al., 2008; Zhang et al., 2009) . Many parameters, including the severity of the stroke, blood pressure, cardiac function, the extent of parenchymal hypoattenuation and increasing age of the patient, contribute to the occurrence of haemorrhagic transformation with tPA (Larrue et al., 2001) .
Disruption of the blood-brain barrier (BBB) is thought to be one of the main causes of tPA-associated haemorrhagic transformation (Kastrup et al., 2008) . The BBB is formed by the interaction of cerebral capillary endothelial cells with pericytes and astrocytes. The tight junctions of the BBB have a very low permeability that restricts the entry of substances in the peripheral circulation from entering the brain (Yang and Rosenberg, 2011) . The tPA activates matrix metalloproteinases (MMPs) that then cause the destruction of tight junction proteins (TJPs), including claudins, occludin and zonula occludens-1 (ZO-1). This results in the disruption in the integrity of the BBB (Yang et al., 2007) . Thus, the prevention or amelioration of tPA-associated haemorrhagic transformation by increasing the resistance of the cerebral vascular system to ischaemic damage is a great challenge and yet unsolved problem.
Nicotinamide adenine dinucleotide (NAD) is a coenzyme, which is essential for mitochondrial electron transfer reactions (Rich, 2003) . Recently, several lines of evidence have implicated the critical roles of NAD in a broad range of biological functions. NAD participates in the transduction of numerous important intracellular signalling pathways and controls cell proliferation, death, metabolism, circadian rhythms and ageing (Garten et al., 2015; . The effects of NAD on a group of NAD-dependent proteins, such as the sirtuin family of proteins and PARP1, are the main mechanisms behind NAD's biological functions (Garten et al., 2015; Zhang et al., 2016; Jokinen et al., 2017) . Depletion of intracellular NAD is a common pathway in many pathophysiological events, including ageing, metabolic disorders and cerebral ischaemia (Yang et al., 2002; Massudi et al., 2012; Zhang et al., 2016; Zhou et al., 2016; Wang et al., 2016a) . The administration of nicotinamide mononucleotide (NMN) or nicotinamide riboside, two NAD precursors, as a supplement is able to enhance NAD levels and is used to treat high-fat-induced obesity/fatty liver (Yoshino et al., 2011; Uddin et al., 2016; Zhou et al., 2016) . We and other groups have demonstrated that NMN protects against post-ischaemic NAD degradation and decreases brain damage after cerebral ischaemia Zhao et al., 2014; Park et al., 2016) .
Since tPA is an important pharmacological therapy for acute cerebral ischaemia, the potential effect of NMN on tPA treatment needed be investigated. In the present study, we showed that adjuvant treatment with NMN dramatically ameliorated tPA-induced brain injury via maintaining BBB integrity in the mouse middle cerebral artery occlusion (MCAO) model.
Methods

Drug and animals
NMN was purchased from Bontac-Biotech Synthesis Corp. (Shenzhen, China). The purity of NMN was >98%, which was confirmed by HPLC analysis. The chemical structure of NMN is shown in Figure 1A . Male 8-week-old CD1 mice (22-30 g) were purchased from Sino-British SIPPR/BK Lab Animal Ltd (Shanghai, China). They were kept at a constant temperature of 23 ± 3°C and relative humidity of 30-70% under a 12 h light/dark cycle with free access to chow and water. The experimental procedures were approved by the Laboratory Animal Care and Use Committee of the Second Military Medical University, China. Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015) . Every effort was taken to minimize the number of animals used and their suffering.
Randomization and blinding
Mice in the present study were divided into different groups randomly. All the experiments were performed blind; the evaluator did not know from which group the mice or samples came from.
Mouse MCAO model
The experimental model of cerebral ischaemia used in this study was the mouse MCAO. The MCAO model was prepared exactly as described by us previously Li et al., 2017) . Briefly, the mice were anaesthetized with 4% choral hydrate (350 mg·kg À1 , i.p.), and the external carotid artery (ECA) and internal carotid artery were exposed respectively. A nylon suture (Sunbio Bioteck, Beijing, China) with a diameter of 0.38 mm (Sunbio Bioteck) was inserted via the ECA, advanced to a distance of 20 mm and kept there for 5 h, then withdrawn for reperfusion and delayed tPA treatment. Cortical blood flow was measured with a laser-doppler flowmeter (Moor Instruments LTD, Millwey, Axminster, UK) to ensure that cerebral blood flow was reduced by more than 80% and the rectal temperature was maintained at 36.5-37.5°C by a homeothermic heating pad. Mice that showed convulsions, sustained impaired consciousness or had no apparent contralateral limb dysfunction were excluded from subsequent experiments.
Delayed tPA treatment and NMN administration
The mice were subjected to the MCAO operation and then divided into three groups: Control group, tPA group and tPA + NMN group. The experimental design is illustrated in Figure 1B . At 5 h post ischaemia, the nylon suture was withdrawn for reperfusion. Immediately, the mice in the tPA group were infused with recombinant human tPA (9 mg·kg À1 in 1 mL saline, Actilyse®, Boehringer Ingelheim, Ingelheim am Rhein, Germany) via the tail vein for 30 min with a minipump. In the tPA + NMN group, the mice were infused with tPA as described above and injected i.p. with a single dose of NMN (300 or 100 mg·kg À1 ) dissolved in saline. In the control group, mice were infused and injected with the same volumes of saline. At 24 h after ischaemia, the mortality was calculated. The mice that died before the 24 h time point were included only in the experiment of post 24 h mortality rate; these mice were not included in the other analyses. In previous studies, NMN was administered to mice at doses of~1 00 mg·kg À1 (Park et al., 2016) to 500 mg·kg À1 (Long et al., 2015; Uddin et al., 2016) . However, most studies applied the dose of 300 mg·kg À1 Yoshino et al., 2011; Zhang et al., 2011; Stein and Imai, 2014; Zhao et al., 2015b; de Picciotto et al., 2016; Wei et al., 2017) ; therefore, we used 300 mg·kg À1 in this study.
Motor function evaluation
Outcomes at 24 h after ischaemia were scored using the 5-point motor function scale as described previously , in a non-blinded manner: 0 = no motor deficit; 1 = flexion of the forelimb contralateral to the ischaemic hemisphere; 2 = reduced resistance against push toward the paretic side; 3 = spontaneous circling toward the paretic side; and 4 = death.
Infarct and oedema volume
Mice were transcardially perfused with PBS and killed at 24 h after ischaemia, and brains were removed and cut into six 2-mm-thick consecutive sections followed by staining with 1.5% 5-tri-phenyl-2H-tetrazolium chloride (Sigma, T8877) as described previously Wang et al., 2012) . The white area was thought to represent infarcted brain tissue and the red area non-infarcted tissue. The infarct and oedema volume were acquired by digital cameras and analysed using Image J software (NIH).
Haemoglobin assay
A colourimetric haemoglobin assay (#700540, Cayman Chemical, Ann Arbor, MI) was used to assess the haemoglobin content of brains tissues. Mice were killed under deep anaesthesia and infused with cold PBS (45 mL). The brains were removed immediately and divided into right and left hemispheres. Haemorrhagic hemispheres were isolated and washed in ice-cold PBS solution for three times. Then, 1 g tissue was homogenized with 1 mL PBS solution with 0.16 g·L À1 heparin. After being centrifuged at 10 000 g for 10 min, the supernatant was collected for determination of haemoglobin using the commercial kit according to the manufacturer's instructions. The optical absorbance of each the haemoglobin standards was measured using a microplate reader to obtain a standard curve. Then, the concentrations of haemoglobin in the tissue extracts were calculated using their absorbance and the standard curve. Finally, the average brain haemoglobin levels were measured as haemoglobin content relative to the tissue protein concentration.
Assessment of BBB integrity
Evans Blue extravasation was used to determine BBB integrity as described previously . At 24 h after MCAO, 2% Evans Blue dye (4 mL·kg À1 , Sigma) was injected via the tail vein. The mice were anaesthetized using 4% choral hydrate (350 mg·kg À1 , i.p.) at 2 h after injection of Evans Blue and then perfused with 0.01 M PBS solution. The brains were rapidly harvested and imaged. Then the brain tissue was weighed, homogenized in 50% ice-cold trichloracetic acid and then centrifuged at 12 000 g at 4°C for 15 min to remove the debris. The supernatants were transferred to a new tube.
To determine the quantity of Evans Blue in the supernatants, the absorbance at 620 nm was measured spectrophotometrically using an Infinite M200 plate reader (Tecan, Research Triangle Park, NC). Evans Blue leakage into the brain tissue was assessed by reference to a standard curve and expressed as μg . g -1 wet brain tissue.
Histology examination
The histology was examined as described previously (Wang et al., 2014a (Wang et al., ,b, 2016b . Briefly, brain tissues were embedded in paraffin, cut into 8 μm sections. The sections were deparaffinized and stained with haematoxylin and eosin and examined under a light microscope (Leica Microsystems, Berlin, Germany). The haemorrhage was visible under the microscope and calculated.
ELISA
The levels of TNF-α and IL-1β in brain tissues were determined with commercial ELISA kits (RD system, Minneapolis, MN, USA). The lowest sensitivity of the TNF-α ELISA kit is 7.21 pg·mL À1 , while the sensitivity for IL-1β ELISA kit is 4.8 pg·mL À1 . Briefly, brain tissue was homogenized in ice-cold PBS (pH 7.4) containing a mixture of protease inhibitors first and then centrifuged at 12 000 g for 10 min at 4°C. The supernatant was collected and used to assess the levels of TNF-α and IL-1β. The ELISA kits were used to assess the levels in accordance with the manufacturer's instructions. The protein concentration in each sample was determined using the Bradford method (Beyotime, Haimen, China). Then, a total of 50 μL tissue samples were loaded into the 96-well plate. Experiments were performed with duplicate wells for each sample. The standard curve was produced by serial dilutions of standard recombinant TNF-α and IL-1β samples in the kits and calculated using a linear regression programme. The concentrations of TNF-α and IL-1β in each sample were calculated according to the standard curve and normalized to the protein concentration.
Caspase-3 activity
Caspase-3 activity was determined using a commercial kit purchased from BioVision Inc (Mountain View, CA, USA) according the manufacturer's instruction. This kit was generated based on a specific tetrapeptide substrate DEVD-para-nitroaniline (pNA). The activity of caspase-3 was quantified by spectrophotometric detection of free pNA after cleavage from the peptide substrate DEVD-pNA, using an M200 microplate reader (Tecan, Group Ltd., Switzerland).
Immunohistochemistry staining
Immunohistochemistry staining was performed as described in our previous studies (Wang et al., 2012) . Each primary antibody was tested before the formal experiments for immunohistochemistry were performed. Moreover, normal IgG was used as a negative control to validate the specific staining in these experiments. At 24 h after MCAO, anaesthetized mice were perfused under deep with 20 mL cold PBS (pH = 7.4), followed by an infusion of 4% paraformaldehyde for 10 min. The brains were then removed and fixed in 4% paraformaldehyde at 4°C overnight. The brains were dehydrated with 30% sucrose in formalin (pH = 7.4), and the frozen coronal slices (8 μm thick) were then sectioned using a cryostat (CM3050S; Leica Microsystems, Bannockburn, IL, USA). The sections were blocked in 8% normal goat serum for 4 h and incubated in specific primary antibodies overnight at 4°C. After being washed three times with PBS, the sections were incubated with horseradish peroxidase-conjugated secondary antibodies. Staining was visualized using the chromogenic substrate DAB. Images were obtained with a digital microscope (Leica Microsystems, Berlin, Germany) and analysed with a computerized image system (Quantimet 500 Image Processing and Analysis System, Qwin V0200B software; Leica, Berlin, Germany). The following antibodies were used for immunohistochemistry staining: Iba-1 (#ab5076, Abcam, 1: 1000 dilution), myeloperoxidase-1 (MPO-1, #BA0544, Boster, Wuhan, China, 1: 200 dilution), TNF-α (#ab6671, Abcam, 1: 200 dilution) and IL-1β (#ab8320, Abcam, 1: 500 dilution). For quantification of immunohistochemistry staining, eight sections per animal and five random microscope fields per section were chosen. The average was then calculated.
TUNEL staining
We used TUNEL staining kit (DeadEnd Colorimetric TUNEL system; Promega) to detect apoptosis in brain ischaemic areas according to the manufacturer's instructions. The main procedure of TUNEL assay has been described in detail in our previous studies (Wang et al., 2009; . For quantification of immunohistochemistry staining, five sections per animal and five random microscope fields per section were chosen. The average was then calculated.
Protein extraction and immunoblotting
Protein extraction and immunoblotting were performed as described previously 2014c 
MMP activity
MMP activity was assayed using a Fluorometric-Green Probe® Kit from Abcam (#112146). This kit uses a FRET peptide as an indicator of generic MMP activity. In the intact FRET peptide, the fluorescence of one part is quenched by another. After cleavage into two separate fragments by MMPs, the fluorescence signal is detected. In our experiments, the brain samples were homogenized with 300 μL distilled water with protease inhibitor. After being centrifuged at 3000 g for 10 min, the supernatant was collected and adjusted to similar protein concentrations and then examined using this kit with a fluorescence microplate reader at Ex/Em = 490/525 nm for 60 min. The fluorescence signal was recorded every 5 min.
Assessment of tPA activity
The tPA activity was measured using a commercial kit (Abcam). In this kit, the amount of plasmin produced is quantified using a highly specific plasmin substrate that releases a yellow para-nitroaniline (pNA) chromophore. The change in absorbance of the pNA in the reaction solution at 405 nm is directly proportional to the tPA enzymatic activity. Briefly, the same amounts of assay mix (80 μL) and tPA (20 μL) were prepared. Then, 100 μL distilled water or NMN solution was added. The final concentration of NMN in the mixture was 300 μM. Then, the entire mixture was incubated at 37°C in a humid incubator to form the colourful pNA for detection. The absorbance of 405 nm was recorded and analysed.
Statistical analysis
All values are presented as the mean ± SEM. The data and statistical analysis in this study comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015) . All data were tested for normality by applying the Kolmogorov-Smirnov test. If normality was agreed and there were no significant differences in variance between groups (F test), Student's two-tailed t-test or oneway ANOVA followed by Tukey's post hoc test was used. Otherwise, the nonparametric Kruskal-Wallis test followed by Mann-Whitney U-test was used. Data were analysed with SPSS11.0 software (SPSS Inc.,Chicago, IL) and GraphPad Prism-5 statistic software (La Jolla, CA). P < 0.05 was considered statistically significant.
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www. guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Southan et al., 2016) , and are permanently archived in the Concise Guide to PHARMACOLOGY 2015/16 (Alexander et al., 2015a,b) .
Results
Administration of NMN prevents delayed tPA treatment-induced brain damage
The chemical structure of NMN and the experimental process are shown in Figure 1A -B respectively. The mortality in MCAO mice (control group) was 29% ( Figure 1C ). Delayed tPA treatment caused a very high mortality (67.1%) in MCAO mice ( Figure 1C) . We tested the effects of NMN in this mouse model. Our preliminary results showed that NMN was effective in preventing tPA-induced haemorrhagic transformation at 300 mg·kg À1 (i.p.) but not at 100 mg·kg À1 (i.p., data no shown). Thus, we used NMN at 300 mg·kg À1 (i.p.) in this study. In the tPA-treated mice, NMN administration significantly reduced the mortality from 67.1 to 42.4% ( Figure 1C ). Motor scale data also showed delayed tPA treatment markedly aggravated the neurological deficits in MCAO mice, which was largely prevented by NMN administration ( Figure 1D ). Moreover, both the brain infarction volume ( Figure 1E ) and brain oedema ( Figure 1F ) in tPA-treated mice were higher than those in the control group, suggesting that delayed tPA treatment exacerbated ischaemia-induced brain injury. NMN administration, not only inhibited the delayed tPA treatment-induced enhancement of brain infarction volume ( Figure 1E ) but also attenuated the worsened brain oedema ( Figure 1F ). These results indicate that administration of NMN prevents delayed tPA treatment-induced brain damage.
Administration of NMN restrains delayed tPA treatment-induced cerebral haemorrhage
The brains from the mice of three groups were isolated and sectioned into several segments. As shown in Figure 2A , there was slight cerebral haemorrhage in the ipsilateral hemisphere in MCAO mice without tPA treatment (control group). In the delayed tPA-treated mice, the cerebral haemorrhage was serious, while adjuvant administration of NMN significantly decreased the cerebral haemorrhage induced by tPA (Figure 2A) . The quantitative results confirmed that the haemoglobin level in the ipsilateral hemisphere of tPA-treated mice was about~2-fold greater than that in mice of the control group, and NMN administration significantly attenuated this change ( Figure 2B ). We also determined the cerebral haemorrhage using histology. As shown in Figure 2C -D, there were a large number of haemorrhagic areas in brain sections from tPA-treated mice, and NMN administration significantly attenuated the brain haemorrhage ( Figure 2C-D) . To rule out the possibility that NMN reduces tPA thrombolytic activity directly, we measured the effect of NMN (300 μM) on tPA thrombolytic activity in vitro. As shown in Supporting Information Figure S1 , NMN did not alter the tPA thrombolytic activity. These results suggest that the cerebral haemorrhage induced by delayed tPA treatment can be partly prevented by NMN.
Administration of NMN inhibits delayed tPA treatment-induced neural apoptosis
TUNEL staining demonstrated that there were few apoptotic cells (TUNEL positive, brown) in the brain sections from mice that had not been subjected to a MCAO operation ( Figure 3A ). In the MCAO mice (control group), neural apoptosis was significantly increased ( Figure 3A) . Delayed tPA treatment further increased the proportion of apoptotic neural cells. This action of tPA was largely inhibited by NMN administration ( Figure 3A ). Quantitative analysis confirmed this result ( Figure 3B ). Cleaved caspase-3 is a well-established indicator of apoptotic pathway activation (Porter and Janicke, 1999) . In line with the data from the TUNEL staining, NMN administration substantially inhibited the increased caspase-3 activity induced by delayed tPA treatment in ischaemic brain tissues ( Figure 3C ). Thus, these data indicate that NMN is able to inhibit delayed tPA treatment-induced neural apoptosis. 
Administration of NMN suppresses delayed tPA treatment-induced neuroinflammation
Treatment with tPA has been reported to trigger the recruitment of microglia and macrophage and induce proinflammatory M1 polarization leading to neuroinflammation (Won et al., 2015) . So we used immunohistochemistry to examine the expression of Iba-1, a microglia-specific protein marker. We found all the microglia cells in brain sections from the three groups of mice displayed activated phenotypes ( Figure 4A ). However, the number of Iba-1-positive microglia in tPA-treated mice was significantly higher than that in the control group ( Figure 4A-B) . This tPA-induced microglia activation was partly prevented by NMN administration ( Figure 4A-B) . The expression of MPO-1, a marker of infiltrated neutrophils, was also determined using immunohistochemistry. Similarly, delayed tPA treatment caused a significant increase in the number of MPO-1 positive cells, suggesting tPA enhances the infiltration of neutrophils ( Figure 4C-D) . NMN administration, slightly but significantly, reduced the tPA-induced up-regulation of MPO-1 (Figure 4C-D) .
In agreement with these results, the level of TNF-α in brain tissue from tPA-treated mice was higher than that in control mice, and this increase was partly blocked by NMN administration ( Figure 5A ). In contrast, there was no difference in the IL-1β level in the brain tissues among the three groups of mice ( Figure 5B ). Immunohistochemistry of TNF-α and IL-1β in the mouse brain sections from three groups also confirmed these results ( Figure 5C-D) . These results demonstrate that NMN ameliorates delayed tPA treatment-induced microglia activation and neuroinflammation. 
Protection of BBB integrity contributes to the beneficial effects of NMN against tPA-induced haemorrhagic transformation
The ischaemic brain hemisphere of tPA-treat mice displayed a much severer leakage of Evans Blue dye compared with the control group of mice ( Figure 6A ), suggesting tPA disrupts the BBB. NMN administration obviously prevented the tPAinduced increase in Evans Blue extravasation ( Figure 6A ). Quantitative analysis of the Evans Blue leakage confirmed this result. Delayed tPA treatment increased the amount of Evans Blue extravasation by~5-fold, which was markedly depressed by NMN administration ( Figure 6B ). Immunoblotting analysis demonstrated that the protein levels of three types of TJPs (claudin-1, occludin and ZO-1) were down-regulated by delayed tPA treatment ( Figure 6C-F) . NMN administration, at least partly, restored the protein expression of claudin-1, occludin and ZO-1 (Figure 6C-F) . These data indicate that NMN protects BBB integrity.
NMN protects BBB integrity by suppressing tPA-induced activation of MMPs
In addition, we explored how NMN protects BBB integrity. MMP9 and MMP2 are two structurally-similar MMPs regulating TJPs destruction and BBB integrity in tPA-associated haemorrhage (Rempe et al., 2016) . The kinetic analysis based on a FRET-peptide fluorometric kit showed that delayed tPA treatment significantly enhanced the activities of MMP9 ( Figure 7A ) and MMP2 ( Figure 7B ). NMN administration almost totally abolished the increases in MMP9 and MMP2 activities induced by tPA ( Figure 7A-B) . Delayed tPA treatment also enhanced the protein expressions of pro-MMP9 and active-MMP9 ( Figure 7C ), both of which were suppressed by NMN administration ( Figure 7C ). Interestingly, delayed tPA treatment up-regulated active-MMP2 but did not alter the expression of pro-MMP2 ( Figure 7D ). NMN administration significantly inhibited the tPA-induced up-regulation of active-MMP2 ( Figure 7D ). All these data suggest that the suppression of tPA-induced activation of MMPs by NMN may be an important mechanism underlying the protective action of NMN on BBB integrity.
Discussion
Previously, we showed that NMN had a potent neuroprotective effect against acute ischaemia-induced neuron death and facilitated post-ischaemia neurogenesis . As NMN affects NAD levels and thus participates in multiple intracellular biological functions, we proposed that it may also alter the effects of tPA therapy in cerebral ischaemia. If NMN worsens the tPAinduced haemorrhagic transformation, there is no question that the therapeutic value of NMN in cerebral ischaemia would be greatly compromised because it is the only approved thrombolysis therapy for most patients with acute cerebral ischaemia. If NMN does not affect or even reduces the tPA-induced haemorrhagic transformation, NMN would be a promising chemical compound with multiple functions in cerebral ischaemia treatment. As expected, our results demonstrated that NMN administration decreased the delayed tPA treatment-induced increase in brain infarction volume and oedema and, most importantly, reduced the high mortality in mice subjected to the delayed treatment with tPA.
As NMN is able to limit the tPA-induced brain haemorrhage, we therefore investigated whether NMN affects the haemoglobin-induced neuronal toxicity that followed the delayed tPA infusion. It is well accepted that brain haemorrhage results in cell death around the margins of the haemorrhage, induced by the toxic effects of haemoglobin (Yang and Rosenberg, 2011) . In addition, tPA further amplifies the haemoglobin-induced neurotoxicity in PC12 neuronal cells and primary cultured neurons (Wang et al., 1999) , suggesting that the deterioration of patients with haemorrhagic transformation may be due to both the effects of haemorrhage per se as well as the additional toxicity of tPA-amplified haemoglobin neurotoxicity. Extensive neuroinflammation, caspase activation and an increase in oxidative stress are the predominating factors of haemoglobin-induced toxicity (Wang et al., 2002) . In our study, NMN treatment was found to attenuate the tPA-induced neural apoptosis, microglia activation, neutrophil infiltration and release of pro-inflammatory factors. In addition, delayed NMN treatment, significantly improved the post-ischaemic neural regenerative process through promoting the proliferation and differentiation of neural progenitor cells in the brain subventricular zone (Zhao et al., 2015b) . Thus, these data support the notion that NMN may be a promising multi-functional pharmacological agent for treatment of cerebral ischaemia in both early and late phases, rather than just a neuroprotector. In our study, delayed tPA administration (5 h post ischaemia) caused a significant increase in brain infarct volume. Many previous studies have shown that brain infarct volume was not affected by delayed tPA treatment in both a thromboembolic and filament model (Kanazawa et al., 2011; Garcia-Culebras et al., 2017) . However, delayed tPA treatment has also been found to tend to aggravate brain infarct volume (Zuo et al., 2014) . This discrepancy may be due to differences in the dose of tPA, manufacturer of tPA or animal model used, or even the method used to measure of infarct volume. Further research is needed to resolve these disparities. After discovering that NMN has a potent inhibitory effect on the tPA-induced haemorrhagic transformation and haemoglobin neurotoxicity, we sought to find the molecular mechanisms underlying these effects of NMN. The results from the Evans Blue assay showed that delayed tPA treatment significantly disrupted the integrity of the BBB. We also examined the expression of TJPs, a group of integral membrane proteins, including claudin-1, occludin and ZO-1, which are necessary for cell-to-cell contacts and responsible for the barrier function of brain vessels. Immunoblots of claudin-1, occludin and ZO-1 clearly showed that delayed tPA treatment down-regulated the expression of claudin-1, occludin and ZO-1, which was prevented by NMN administration. As MMPs are major enzymes involved in mediating the destruction of TJPs during tPA treatment (Yang et al., 2007; Kastrup et al., 2008) , we further studied the activities and protein expression of MMP9 and MMP2. As expected, NMN significantly inhibited the tPA-induced increase in MMP2/MMP9 activity and protein expression. These results were in line with those from the Evans Blue assay and TJP immunoblotting. Thus, we suggest that NMN affects the activity/expression of MMP9 and MMP2, and the resulting attenuation of the destruction of TJPs may contribute to the protective effect of NMN on BBB integrity.
Sirtuins, PARP1 and CD38 use NAD to critically regulate nutrient sensing and signalling pathway transduction (Imai and Guarente, 2014; Garten et al., 2015; . Although all of them are major users of NAD, increasing NAD levels result in the activation of sirtuins but inhibition of PARP1/CD38 (Imai and Guarente, 2014; Garten et al., 2015; . SIRT1 is a key regulator of cellular metabolism and mediates beneficial metabolic effects (Dagon et al., 2016) . Chemical inhibition of SIRT1 led to BBB breakdown and aggravated brain oedema after experimental subarachnoid haemorrhage (Zhou et al., 2014) . Conversely, inhibition of PARP1 in brain endothelium protects the BBB under physiological and neuroinflammatory conditions (Rom et al., 2015) . Moreover, SIRT1 and SIRT3 seemed to be involved in the protective effects of melatonin (Zhao et al., 2015a) BBB integrity respectively. As NMN is converted to NAD in vivo and then positively regulates sirtuin activity but negatively affects PARP1 activity, we propose that the regulatory action of NMN-mediated NAD pool on sirtuins/PARP1 may replicate the protective effect of NMN on BBB integrity in this tPA-induced haemorrhagic transformation model. Notably, the effects of NAD on the biological functions of cells are likely to be a result of the collaborative effects of several sirtuin proteins (Imai and Guarente, 2014) . For example, we previously observed that SIRT1 and SIRT2 cooperatively regulate the proliferation of neural stem cells (NSCs), while SIRT1, SIRT2 and SIRT6 cooperatively regulate the differentiation of NSCs after ischaemic stroke (Zhao et al., 2015b) . Thus, further studies may be warranted to clarify which sirtuin protein is involved in the protective effect of NMN on BBB integrity. A major limitation in the present study lies in the fact that the animal model used does not mimic human embolic stroke very well. The filament model, photo-thrombosis model and thromboembolic model are nearly always used for studying the therapeutic and side effects of tPA in cerebral ischaemia. The autologous thromboembolic model best mimics the pathophysiological state of ischaemic stroke; however, the instability of this model creates unavoidable problems (Zhang et al., 2015) . Although the filament model is not directly relevant to the tPA-induced thrombolysis during ischaemic stroke in patients, this stable model would allow us to compare the different effects of NMN on the complications associated with tPA under identical and controlled ischaemia and reperfusion conditions. Moreover, the main purpose of the present study was to investigate the influence of NMN on tPA-induced BBB permeability and haemorrhagic transformation, rather than the potential influence of NMN on the thrombolytic activity of tPA. The filament model was used in many recent studies focusing on the disruption of the BBB induced by tPA (Wang et al., 2013; Liang et al., 2015; Hafez et al., 2016) . After considering all these factors, we chose the filament model to induce MCAO in this study. Nevertheless, the limitations of this model should be kept in mind, in that our data only reflect the protective action of NMN on BBB integrity under this specific setting.
In conclusion, our results provide the first evidence that NAD replenishment with NMN ameliorates tPA-induced haemorrhagic transformation by maintaining the integrity of the BBB. These results, together with previous findings on the effects of NMN in brain ischaemic injury Zhao et al., 2014; Park et al., 2016) , suggest that NMN may be a promising agent for the treatment of ischaemic stroke.
